Abstract: Solid-state polymerization has been widely used to prepare high molecular weight poly(ethylene terephthalate). Solid-state polymerization is generally carried out by heating solid, melt-phase-polymerized polymer below its melting temperature but above its glass transition temperature. Solid-state polymerization of poly(trimethylene terephthalate)(PTT) is not an independent process but rather an additional process with respect to melt polymerization that is used when PTT of a higher molecular weight is required. Two kinds of commercial PTT chips were polymerized in the solid state to prepare high molecular weight PTT, which were characterized by end group contents, molecular weight, thermal analysis and X-ray diffraction. In the solid-state polymerization of PTT, the overall reaction rate was governed by the reaction temperature, reaction time and pellet size. The content of carboxyl end groups was decreased during the solid-state polymerization with increasing reaction time and temperature. The melting temperature and crystallinity of solid-state-polymerized PTT were higher at longer times and higher temperatures of polymerization. The activation energy for the solid-state polymerization of PTT was in the range of 24~25 kcal/mol for each chip. Through the solid-state polymerization of commercial PTT chips, we could get high molecular weight polymers up to an intrinsic viscosity value of 1.63 dl/g, which is equivalent to about a 117,000 weight-average molecular weight.
Introduction
Poly(trimethylene terephthalate) (PTT) is a newly commercialized aromatic-aliphatic polyester [1] . PTT was first synthesized by Whinfield and Dickson in 1941 [2, 3] . Since its commercial introduction in 1998, there has been an increased interest in PTT. PTT is particularly suited for use in textiles, nonwovens and carpet fiber applications. PTT fibers have the resiliency and softness of nylon fiber and the chemical stability and stain resistance of poly(ethylene terephthalate) (PET) fiber [4] .
It is necessary to increase the molecular weight of PTT for its use in various industrial applications. In particular, PTT fibers are suitable as floor covering materials by virtue of their good resilience and stain resistance. In the case of heavy duty floor coverings, it is necessary to increase wear resistance, which can be improved by the use of high molecular weight PTT. Usually, the physical properties of polymers can be enhanced by increasing the molecular weight. Solid-state polymerization has been used to prepare high molecular weight condensation polymers such as PET. The solid-state polymerization of PET has been intensely studied by some researchers [5] [6] [7] [8] [9] [10] [11] [12] ; however, there are few studies on the solid-state polymerization of PTT. Duh [13] applied the rate equation for the solid-state polymerization of PET to that of PTT and compared their polymerization rates. Duh also investigated the effect of different prepolymers that had low intrinsic viscosities (IV) of below 0.66. In this study, we used commercial grade PTT chips of higher IV to prepare very high molecular weight PTT resins. We investigated the effects of the reaction parameters as well as the change of molecular weight, end group content, and thermal properties of the solidstate-polymerized PTT resin. The reaction kinetics were analyzed at different solidstate polymerization temperatures while using two commercial PTT chips. Figures 1 and 2 show that the molecular weight of the solid-state-polymerized PTT increased with increasing polymerization temperature and time. The velocity of the molecular weight increase slowed at 220 0 C because the crystallization of amorphous regions increased; therefore, the diffusion of materials was decreased with increasing polymerization temperature. 
Results and discussion

Molecular weight of PTT
Evaluation of contents of carboxyl end groups
For solid-state polymerization, the main reaction is a condensation between carboxyl and hydroxyl ends, it is therefore expected that the content of end groups will be reduced as the reaction time and temperature are increased, as well as the molecular weight. To confirm this, Figures 3 and 4 show the change in content of carboxyl end groups according to solid-state polymerization time and temperature when PTT was solid-state-polymerized at 190~220 0 C. As shown in Figures 3 and 4 , the content of carboxyl end groups was gradually reduced as the reaction time increased, and the content of carboxyl end groups was reduced as the reaction temperature increased. In particular, the velocity of the reduction of carboxyl end This phenomenon results from the fact that Brownian motion of the PTT chains is increased as the temperature of the solid-state polymerization is increased; thus, condensation reactions between carboxyl end groups and hydroxyl end groups become faster. 
Kinetics of solid-state polymerization process
Solid-state polymerization is composed of the following 4 steps: 1) diffusion of functional end groups, 2) collision and reaction of end groups, 3) diffusion of reaction by-products from the interior of the polymer to the surface, and 4) diffusion of reaction by-products from the surface to the gas phase.
Challa [16] suggested second-order kinetics to describe melt polymerization:
where C is the total end group concentration, t is the reaction time and k is the reaction rate constant.
This formula of reaction rate has been used in the study of polyester condensation. If equation (1) is used to calculate the data of solid-state polymerization, the rate constant k will be reduced as time proceeds and will eventually reach 0. This means that equation (1) is not adequate to explain the solid-state polymerization process. Duh [13] assumed that some of the functional end groups remained inactive during solid-state polymerization and that the rate of solid-state polymerization follows the second-order reaction of the active end group concentration as follows:
where C i is the inactive end group concentration.
By integration and rearrangement of the equation above, we find: where C 0 is the total end group concentration at t = 0.
Therefore, if the model is matched with the data of this experiment, the plot of (C 0 -C)/t vs. C becomes linear, and C i can be calculated with the following relation.
If k and C i are determined, the value of C for a certain time during solid-state polymerization can be calculated by the following equation. (3), and here, the value of k can be calculated. 
where A is the frequency factor, E a is the activation energy, T is the absolute temperature and R is the gas constant.
By taking the log of both sides of the above equation, it can be expressed as follows. Figures 7 and 8 show the plots of lnk vs. 1/T in equation (7) . As shown in these plots, the value of lnk decreased linearly with the reciprocal reaction temperature, and the values of △E a and A could be deduced from the slope of the linear equation and the intercept of the Y axis, respectively. Table 2 shows the values of △E a and A throughout the process. As presented in Table   2 , the value of △E a for the solid-state polymerization of each PTT polymer was approximately 25 and 24 kcal/mol, respectively; therefore, there was no significant difference between the two PTT polymers. However, the value of the reaction rate constant was rather low for the chip with higher initial intrinsic viscosity, as shown in Table 1 . This phenomenon can be explained by the fact that PTT with a higher initial intrinsic viscosity has a smaller number of carboxyl and hydroxyl end groups when compared to PTT with a lower initial intrinsic viscosity; thus, the frequency of collisions between end groups is reduced, although the pellet size appeared to have an influence on the reaction rate [17] . Figures 9 and 10 show the DSC thermograms of PTT chips that were solid-statepolymerized at each temperature for 7 hours. PTT solid-state-polymerized at lower temperatures presented two endothermic peaks, which moved to higher temperatures and merged with increasing polymerization temperature. Conversely, PTT polymerized at 200 and 190 0 C showed double melting peaks. This is attributed to the annealing effect, which leads to perfection of the PTT crystals. The DSC thermograms in Figures 11 through 13 show the change in the melting peak of PTT according to the time of solid-state polymerization. 
Analysis of thermal properties
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Materials
Commercial PTT chips were supplied by Shell Chemical Co. (IV=0.93, pellet size≈2.5 g/100) and DuPont Co. (IV=1.02, pellet size≈3.2 g/100). The solvents used in the viscosity measurements and carboxyl end group determinations were commercial first grade reagents.
Solid-state polymerization
Before solid-state polymerization, the PTT chips were vacuum-dried at 120 0 C for 24 hr and crystallized at 160 0 C for 1 h under vacuum. This process not only decreased the concentration of water in the PTT chips, but also increased their crystallinity, which prevented sticking. Crystallized PTT chips were solid-state-polymerized using a rotary reactor under vacuum for 1, 3, 5, 7 and 9 hours at 190, 200, 210 and 220 0 C.
Determination of average molecular weight
The intrinsic viscosity of the polymer was measured using an Ubbelohde viscometer with a mixture of phenol and 1,1,2,2,-tetrachloroethane (60/40, w/w) as the solvent at 30 0 C. The weight-average molecular weight (M w ) was calculated from the intrinsic viscosity using the empirical relation [14] . 
Carboxyl end group determination
The content of carboxyl end groups was determined by titration of a polymer solution in benzyl alcohol at 210 0 C for 150 s [15] . The alkaline solution used as a titrant was 0.1 N NaOH in a benzyl alcohol aqueous solution, and the indicator was phenol red in a 0.1 % alcoholic solution.
Thermal properties
The melting behaviors of the solid-state-polymerized PTT samples under various conditions were monitored with a differential scanning calorimeter (DSC)(TA Instrument Co., USA). Dried PTT chip samples of about 2~3 mg were measured at a heating rate of 10 0 C /min under a nitrogen flow.
X-ray diffraction
The crystallinity was measured with a wide-angle X-ray diffractometer (WAXD)(PANalytical Co., Netherlands) at a rate of 2°/min for 2Ө = 10°~80°.
